Chronic alcohol consumption is one of the most common causes of the progression of alcoholic liver disease (ALD). In the past, alcohol-mediated hepatocyte injury was assumed to be a significantly major cause of ALD. However, a huge number of recent and brilliant studies have demonstrated that hepatic non-parenchymal cells including Kupffer cells, hepatic stellate cells, liver sinusoidal endothelial cells and diverse types of lymphocytes play crucial roles in the pathogenesis of ALD by producing inflammatory mediators such as cytokines, oxidative stress, microRNA, and lipid-originated metabolites (retinoic acid and endocannabinoids) or by directly interacting with parenchymal cells (hepatocytes). Therefore, understanding the comprehensive roles of hepatic nonparenchymal cells during the development of ALD will provide new integrative directions for the treatment of ALD. This review will address the roles of nonparenchymal cells in alcoholic steatosis, inflammation, and liver fibrosis and might help us to discover possible therapeutic targets and treatments involving modulating the non-parenchymal cells in ALD.
INTRODUCTION
Chronic alcohol abuse increases mortality rates worldwide due to alcoholic liver disease (ALD) [1] .
ALD presents as a broad spectrum of liver disease, ranging from mild steatosis to more serious types of liver injury such as steatohepatitis, fibrosis, cirrhosis, and hepatocellular carcinoma [2] . From a classical point of view, the liver has been considered a definite metabolic organ that is generally involved in diverse energy metabolisms of alcohol, glucose, lipid, and many significant molecules [3] [4] [5] . With excessive alcohol consumption, it is generally assumed that liver injury is due to the production of acetaldehyde-mediated adducts and oxidative stress causing compounds such as reactive oxygen species (ROS), which interfere with the metabolism of other energy sources [2, 3] . These compounds are predominantly generated through the induction of cytochrome P450 2E1 (CYP2E1) and alcohol dehydrogenases (ADHs) in hepatocytes [2, 3] . However, production of alcoholic metabolites and ROS is not enough to describe the entire pathogenesis of ALD. Interestingly, a line of evidence suggests that the liver seems to be another type of immunologic organ because of its enriched, innate, and adaptive immune cells, which play important roles in alcoholic immune responses against pathogens or pathogen associated molecular patterns derived from the gastrointestinal tracts, and danger signals from injured hepatocytes [6, 7] . The liver is generally comprised of hepatocytes, which make up approximately two thirds of its total cell population (60%-70%), and non-parenchymal cells (30%-40%). The population of non-parenchymal cells includes liver sinusoidal endothelial cells (LSEC) (approximately 50%), Kupffer cells (approximately 20%), lymphocytes (approximately 25%), biliary cells (approximately 5%), and hepatic stellate cells (HSCs) (approximately 1%) [6, 7] . Liver sinusoidal endothelial cells have a unique morphological phenotype called fenestrated endothelium. Normal morphology of LSEC is flat with a nucleus and organelles regularly and expresses CD45 -CD146
+ surface marker. The distal cytoplasm displayed as a lamina with many fenestrae, lacking the basement membrane underneath the endothelium [8] . Less than 100 nm nano-molecules are diffuse through the fenestrae, attributing a sieve function to LSEC [9] . Therefore, LSEC are responsible for the clearance of various macromolecules from the blood such as proteins, poly saccharides, lipids and nucleic acids [10] . Kupffer cells are known as liver resident macrophage and derived from circulating monocytes that arise from bone marrow progenitors [11] . The major role of Kupffer cells is to clear circulating endotoxin, microorganism, dead cells and debris. Endotoxins from gut activate Kupffer cells and produce pro-inflammatory cytokines such as interleukin (IL)-1β, tumor necrosis factor (TNF)-α and transforming growth factor (TGF)-β. Liver lymphocytes are found scattered throughout the parenchyma and in the portal tract [7] . Liver is especially abundant in innate immune cells such as natural killer (NK), NKT, and γδ T cells; these comprise almost half of liver lymphocytes [6, 7] . For example, the population of NK and NKT cells is approximately 30%-40% that of the total liver lymphocytes; γδ T cells account for 3% to 5% of these cells in mice and humans [6] . Infiltration of the liver by lymphocytes occurs in response to many insults such as autoimmune and toxic damage. The distribution of hepatic infiltration by lymphocytes varies depending on the inflammatory stimulus [12] . Hepatic stellate cells are situated in space of Disse between hepatocytes and the sinusoids. Hepatic stellate cells are generally quiescent in normal healthy livers (quiescent HSCs), however, they undergo morphological changes during liver injury. They gradually become activated (activated HSCs) and differentiate into myofibroblastic cells, characterized by a loss of vitamin A (retinol) and enhanced collagen expression [13, 14] . Recently, cell-to-cell communication within the liver is a rising field to understand the pathogenesis of ALD [15] . For instance, HSCs and Kupffer cells have also been found to be involved in the pathogenesis of ALD via interaction with hepatic immune cells [16, 17] . Therefore, the development of ALD is a sort of complex interaction between parenchymal (hepatocyte) and non-parenchymal cells.
In the present review, we summarize the novel specific roles of non-parenchymal cells in ALD with particular emphasis on alcoholic liver steatosis, inflammation, and fibrosis; we provide therapeutic strategies for curing ALD.
NON-PARENCHYMAL CELLS IN ALCOHOLIC STEATOSIS AND

INFLAMMATION OF LIVER
Hepatic steatosis is the most common response of the liver to acute binge and chronic alcohol consumption. If alcohol consumption is not stopped, hepatic steatosis subsequently progresses into inflammation. Thus steatosis and inflammation are important events in the initiation of alcoholic liver disease. It is generally believed that fat accumulation in hepatocytes is a consequence of imbalanced fat metabolism, such as up-regulated fat synthesis by sterol regulatory element-binding protein 1c (SREBP1c) and suppressed lipid oxidation by inhibited activation of AMP-activated protein kinase (AMPK) [2] .
Contribution of activated Kupffer cell in development of hepatic steatosis and inflammation
Kupffer cells are mainly involved in the development of alcoholic steatosis in liver [18, 19] . Enhanced gut permeabilization by alcohol consumption allows an increased uptake of lipopolysaccharide (LPS) in portal circulation [20, 21] , the delivered LPS in turn activates Kupffer cells via the toll-like receptor 4 (TLR4) signaling pathway, consequently leading to the production of pro-inflammatory mediators such as TNF-α, IL-1β, IL-6, and ROS [2, 18, 22] . It has been reported that TNF-α has the potential to increase the expression and maturation of SREBP1c in the liver of mice and human hepatocytes [23, 24] . Furthermore, a recent report demonstrated that alcohol-mediated infiltration of macrophages into adipose tissue decreased the amount of adiponectin (known as an anti-steatosis peptide hormone that responses via upregulation of AMPK activity) production of adipocytes, leading to alcoholic liver steatosis [25] . Therefore, Kupffer cells/macrophages might contribute to the development of alcoholic liver steatosis by downregulating adiponectin-mediated activation of AMPK in hepatocytes. In contrast, IL-6 production by Kupffer cells/macrophages ameliorates alcohol-mediated hepatic steatosis by activating a signal transducer and activator of transcription 3 (STAT3) and inhibiting SREBP1c gene expression in hepatocytes [26] [27] [28] . If alcohol consumption is continued, alcoholic steatosis progresses into more severe types of liver disease such as hepatitis, in which many types of hepatic cells participate in the initiation of inflammation. As described above, one of the important factors in the progression to alcoholic hepatitis is increased LPS concentration in the portal blood stream. Alcohol increases levels of microRNA (miR)-212 in the gut epithelial cells that downregulate the tight junction, Zonula occludens-1, inducing gut leakage by disruption of gut integrity and permeability [21] . Thereby elevated LPS activates TLR4 of the Kupffer cells to produce inflammatory mediators. Among these mediators, TNF-α plays the most important role not only in the development of steatosis but also in inflammatory responses in alcoholinduced liver injury [29] . In addition, ROS produced by NADPH oxidase (NOX) in Kupffer cells further enhances alcohol-mediated liver injury by stimulating the production of inflammatory mediators [30, 31] .
Moreover, chronic and binge ethanol drinking activates the NLRP3 (Nucleotide-binding domain and Leucine rich Repeat containing family, Pyrin domain containing 3) inflammasome in the Kupffer cells, inducing mature IL-1β release in ALD [32] . ROS has been considered one of several important factors in the maturation of IL-1β via NLRP3 in macrophages; LPS/TLR4 might be related with NOX-mediated ROS production in pulmonary endothelial cells, indicating a possible link between alcohol-mediated ROS production and the maturation of IL-1β in Kupffer cells [33, 34] . However, there has as yet been no report on whether NOX-mediated ROS production regulates maturation of inflammasomemediated IL-1β in alcoholic hepatitis. In the past decade, very important studies on micro RNAs have been performed and their regulatory functions against messenger RNAs have been reported. MicroRNAs including miR-125b, miR-146a, and miR-155 regulate inflammatory responses such as nuclear factor kappa B (NF-κB) activation and TNF-α production of LPS in macrophages and Kupffer cells [35, 36] . However, chronic alcohol treatment increases the miR-155 level and TNF-α production in the Kupffer cells of mice [36] .
Similarly, in isolated human HSCs, LPS treatment has been found to increase inflammatory cytokines (TNF-α and IL-1β) and adhesion molecules (ICAM-1 and VCAM-1) in NF-κB and JNK-dependent manners [37] .
HSC activation and its retinol metabolism in alcoholic hepatic steatosis
In our previous study, we showed that chronic alcohol consumption increased production of 2-arachidonoylglycerol (2-AG), an endocannabinoid, in HSCs and that it enhanced fat accumulation in hepatocytes by suppressing the activity of AMPK while increasing the expression of SREBP1c and fatty acid synthase (FAS) through CB1R in hepatocytes [38] . Therefore, HSCs are regarded as a crucial factor in the endocannabinoid-dependent lipogenesis through paracrine activation of hepatic CB1 receptors in alcohol-induced steatosis. In contrast, chronic alcohol feeding (5% liquid ethanol diet for 8 wk) to mice does not induce liver fibrosis, although increased CYP2E1 expression and loss of retinol lipid droplets are detected in the liver and HSCs, respectively ( Figure 1A ). These changes might be due to NK cell killing of activated HSCs ( Figure 1B) . Previous interesting studies have demonstrated that NK cells can kill activated HSCs in a NKG2D-retinoic acid early inducible gene 1 (RAE1)-dependent manner [39] [40] [41] .
During activation of HSCs, retinol lipid droplets are metabolized into retinoic acid such as all-trans retinoic acid or 9-cis retinoic acid, leading to induction of RAE1 through retinoic acid receptors [40] . In addition, freshly isolated HSCs from ethanol-fed mice showed enhanced RAE1 expression and were susceptible to NK cell killing ( Figure 2) . However, the mechanism of increased retinol metabolism and RAE1 expression in HSCs from ethanol-fed mice is not yet clearly understood. Recent studies have reported that class Ⅲ ADH (ADH3) is the most important enzyme for retinol metabolism in HSCs, and that ADH3 might be involved in alcohol metabolism in the liver [42, 43] , suggesting that increased retinol metabolism in HSCs is due to the activation of ADH3 by alcohol. In rat HSCs, alcohol-mediated protein adducts such as malondialdehyde-acetaldehyde could increase chemokines such as monocyte chemoattractant protein (MCP)-1 and macrophage inflammatory protein (MIP)-2, contributing to hepatic inflammation in ALD [44] . the pathological alternations of the LSEC and possibly other non-parenchymal cells (e.g. HSCs) leading to "capillarization" of the hepatic sinusoid. Consequently, alcohol consumption inhibits the exchange between the sinusoidal plasma and parenchymal cells, ultimately producing liver parenchymal cell injury [15] . In liver lymphocytes, hepatic NKT cells also play important roles in liver injury by producing inflammatory cytokines [32] . Hepatic NKT cells activated by Kupffer cells are recruited in alcoholic steatohepatitis of mice in NLRP3 inflammasome-and IL-1β-dependent manners, resulting in the increased expression of interferon-γ (IFN-γ) and TNF-α in NKT cells [32] . In human patients with alcoholic liver disease, CD8 and CD4 T cells were infiltrated in the liver, that infiltration was related with inflammation and regeneration [46] . In addition, chronic alcohol consumption decreases hepatic NK cell activity [cytotoxicity against Yac-1 cells and polyinosinic-polycytidylic acid (poly I:C)-
Dysfunction of LSEC and role of liver NKT cells during alcohol-mediated liver injury
LSEC is affected in various pathological conditions. During liver injury, LSEC lose their fenestration in a process called "capillarization" or "defenestration" due to the formation of extracellular matrix resulting in LSEC dysfunction. In acute or chronic alcohol exposure of mice, LSEC and the hepatic sinusoid undergo structural and functional alternations. Especially, the impairment of scavenging function of LSEC was observed in a dose-and time-dependent manner in acute alcohol consumption model [15] . Furthermore, the number of fenestrae was significantly decreased and the formation of the basement membrane of LSEC occurred gradually after chronic alcohol consumption [8, 45] . Therefore, alcohol consumption is associated with changes in LSEC scavenging function and structure that precede the appearance of detectable pathological alterations in hepatocytes and 
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mediated activation], thereby accelerating murine cytomegalovirus-induced hepatitis and liver injury [47] . Taken together, alcoholic hepatic steatosis and inflammation form a mixture of metabolic and immunologic responses between parenchymal cells and nonparenchymal cells. Especially, recent papers have focused on and highlighted Kupffer cell-mediated inflammatory responses and de novo lipogenesis in hepatocytes by 2-AG production of HSCs ( Figure 3 ) [2, [48] [49] [50] .
NON-PARENCHYMAL CELLS IN ALCOHOLIC FIBROSIS IN LIVER
Chronic alcohol consumption is one of the causes of liver fibrosis; the underlying mechanism of alcoholic liver fibrosis is not completely understood, although there are huge amounts of accumulated data in the literature. Generally, chronic alcohol drinking induces simple steatosis, but only 10%-40% of heavy drinkers progress from steatosis to alcoholic liver fibrosis [22, 51] . In the past, it was believed that alcoholmediated hepatocyte injury and the phagocytosis of hepatocyte apoptotic bodies in Kupffer cells and in HSCs predispose the liver to the production of collagen fibers, eventually leading to accelerated liver fibrosis [52] [53] [54] [55] . However, recent lines of evidence have recommended a novel possibility that chronic alcohol consumption accelerates liver fibrosis by modulating hepatic non-parenchymal cells such as HSCs, Kupffer cells, and liver lymphocytes.
Interaction with activated HSCs and Kupffer cells during alcohol-mediated liver fibrosis
During HSC activation by various stimuli, one of several specific markers is the loss of intracellular retinol (vitamin A) lipid droplets. No convincing data have been reported to address the mechanism that links the activation of HSC to the loss of retinols. However, a recent interesting study has reported that the gene ADH3 is only expressed for retinol metabolism in HSCs of humans and mice; ADH3 expression is significantly increased in proportion to production of retinoic acid and collagen in HSCs in vitro [43] . Studies so far have been suggesting that alcohol-mediated activation of ADH3 might accelerate liver fibrosis by production of retinoic acid in HSCs. Furthermore, CYP2E1 plays important roles not only in alcohol metabolism but in ROS production in hepatocytes; alcohol consumptionmediated ROS production has been considered one of the major causes of the induction of liver fibrosis. In co-culture experiments of HSCs and HepG2 cells expressing CYP2E1, CYP2E1-derived ROS is responsible for the increase of collagen in HSCs [52] . In addition to ROS, the LPS/TLR4 signaling pathway makes HSCs more sensitive to alcohol and acetaldehyde in the production of collagen and IL-6 [56] . By using reciprocal bone marrow transplantation between WT and TLR4 KO mice, TLR4-mediated fibrogenic responses such as increased expression of collagen and TGF-β1 were increased in HSCs during intragastric ethanol feeding to WT mice [57] . Consistently, in chemical and bile duct ligation-mediated liver fibrosis, TLR4 activation in HSCs induces down-regulation of Bambi, TGF-β pseudoreceptor, and leads to the sensitizing of HSCs to TGF-β signaling pathway, consequently enhancing liver fibrosis [58] . Thus, TLR4 has been considered one of several important targets for the treatment of liver fibrosis. In high fat diet and alcohol-induced liver fibrosis models, this combination leads synergistically to the development of liver fibrosis by TLR4 activation of nonparenchymal cells [59] . Furthermore, the direct impact of Kupffer cells on the activation of HSCs has been well recognized. In the co-culturing model of primary Kupffer cells and HSCs, Kupffer cells enhance the activation of HSCs by producing oxidative stress and IL-6 [60] . Ethanol and arachidonic acid synergize to activate Kupffer cells and modulate the fibrogenic response via enhancing of the production of TNF-α and generation of NOXmediated ROS, inducing activation of HSCs [61] .
Interactions with activated HSCs and liver lymphocytes in the pathogenesis of alcohol-mediated liver fibrosis
Recent interesting studies have suggested that diverse types of lymphocytes are actively involved Alcohol-induced hepatic steatosis and inflammation Hepatocyte in the pathogenesis of liver fibrosis because the liver is normally enriched with innate and adaptive lymphocytes [6, 7] . Among these lymphocytes, NK cells have anti-fibrotic effects, directly killing activated HSCs in NKG2D-and tumor necrosis factor-related apoptosis and inducing ligand (TRAIL)-dependent manners but not quiescent HSCs [41, 62] . Moreover, NK cells can suppress liver fibrosis via production of IFN-γ, which can induce cell cycle arrest and apoptosis of HSCs in a STAT1-dependant manner and autocrine activation of NK cells [63, 64] . However, lines of evidence have reported chronic alcohol consumption-mediated impairments of immune surveillance of lymphocytes against activated HSCs. Decreased cytotoxicity and number of liver NK cells against HSCs and tumor cells were observed in mice subject to chronic alcohol consumption [39, 47] . Indeed, direct IFN-γ treatment failed to increase activation of NK cells or to suppress activated HSCs in chronically alcohol-fed mice, indicating no beneficial effects of IFN-γ in alcoholic liver fibrosis [39] . The suppressed NK cell activity and low susceptibility to IFN-γ in alcoholic liver fibrosis are due to the increased expression and production of TGF-β1 and SOCS1 by activated HSCs, respectively [39] . In line with these findings, patients with liver cirrhosis showed decreased NK cell numbers and reduced cytotoxic activity of T cells in peripheral blood [65] . Similarly, NKT cells can also suppress HSC activation by killing and IFN-γ production in the early stages of liver fibrosis [66] . In chronic alcohol consumption, the significantly increased number of NKT cells contributes in an inverse manner to accelerated alcoholic liver injury by up-regulating the NF-κB signaling pathway or by Fas and TNF-receptormediated hepatocyte apoptosis [67, 68] . Nevertheless the effects of alcohol on NKT cells are still controversial. A recent interesting study reported that CD4 T cellmediated IL-17A production promotes liver fibrosis by stimulating Kupffer cells and HSCs in chemical and bile duct ligation-mediated liver fibrosis models in mice [69] . In parallel with this report, CD4 T cells stimulated by ADH peptides were found to produce higher levels of IL-17 and IFN-γ in active drinkers, while IL-4 production was lower than that in abstinent patients, leading to the encouragement of liver fibrosis in patients with alcoholrelated cirrhosis [70] . In addition, γδ T cells, a minor part of the population of liver lymphocytes, could ameliorate chemical and diet-induced liver fibrosis of mice by Fas ligand-mediated killing of HSCs [71] . However, there has been no report on the role of γδ T cells in alcoholic liver fibrosis. Therefore, in addition to information on stimuli from damaged hepatocytes, information on the diverse but specific roles of each of the non-parenchymal cells (HSCs, Kupffer cells, NK, NKT, CD4 T cells, and γδ T cells) is important in attempts to understand the pathogenesis of alcoholic liver fibrosis.
TREATMENT
Paradoxically, one set of epidemiological data reported that moderate alcoholic beverage consumption has a beneficial effect on longevity, while another showed that it contributed to the development of cancers of the mouth, pharynx, larynx, esophagus, breast and liver [72] [73] [74] . Similarly, a study reported that acute ethanol treatment inhibited production of TNF-α and IL-1β, while production of IL-10 and TGF-β was increased in human monocytes during bacterial stimulation in vitro [75] . In addition, alcohol treatment can facilitate the passive loading of glycolipid to the CD1d molecule in CD1d transfected HeLa cells [76] . Thus, additional mechanistic study should be undertaken to consider these discrepant effects of alcohol drinking.
In alcoholic patients, abstinence is the best therapy but it is practically difficult to achieve. Although liver transplantation might be an alternative choice, it is not always a suitable treatment because of donor shortage [77] . Therefore, numerous efforts have been conducted to create therapeutics for ALD. To reduce or inhibit inflammation and oxidative stress, various anti-inflammatory drugs, anti-oxidants and antifibrotics have been developed and their effectiveness has been demonstrated in animals and patients with ALD [78] [79] [80] [81] . On the other hand, clinical studies of treatment with antioxidants have shown no beneficial effects of these substances for either patients with alcoholic hepatitis or those with alcoholic cirrhosis. To overcome these discrepancies between animal studies and clinical trials, therapeutic strategies should be reconstituted and made to target to multiple cells among non-parenchymal cells. For example, treatments for alcoholic steatohepatitis should be targeted simultaneously at HSCs and Kupffer cells, because the two types of cells can concurrently produce endocannabinoid (e.g., 2-AG) and inflammatory mediators (e.g., TNF-α and ROS). For alcoholic liver fibrosis, the simultaneous suppression of HSCs and Kupffer cells and activation of NK cells should be considered because of the profibrotic cytokine production of HSCs and Kupffer cells and the cytotoxicity of NK cells against activated HSCs. Our recent study suggested that poly I:C-mediated activation of TLR3 in HSCs and Kupffer cells increased the production of IL-10, leading to the simultaneous amelioration of alcoholic steatosis and inflammation in 2-wk binge ethanol drinking mice (Figure 3 ) [49] . Moreover, inhibition of IL-1 receptor-mediated signaling could ameliorate alcoholic steatohepatitis by down-regulating TLR4-dependent inflammatory signaling [82] . Recently, bone marrow infusion therapy has been highlighted as a treatment of liver fibrosis [83] . However, chronic alcohol consumption stimulated the recruitment of TNF-α and TGF-β1, producing activated HSCs from the bone marrow to the liver [84] , inducing a worse situation of alcoholic liver injury. Thus, in the field of ALD treatment, we need to more carefully arrange strategies that are capable of increasing NK cell activity while concurrently suppressing activation of HSCs and Kupffer cells. However, to prevent alcohol-mediated disease, no therapeutic strategy can outperform abstinence from the drinking of alcohol.
CONCLUSION
The present review has addressed the important roles of hepatic non-parenchymal cells in the pathogenesis of ALD. By producing inflammatory mediators (TNF-α, IL-1β, IL-6, IL-17, TGF-β, ROS, and miRNA) and lipid-originated metabolites (retinoic acid and endocannabinoids) in immune cells (Kupffer cells and lymphocytes), LSEC and HSCs, multiple types of non-parenchymal cells are involved in the development of alcoholic steatosis, inflammation, and fibrosis. Moreover, interactions among non-parenchymal cells play important roles in ALD. Thus, we should concurrently consider the various roles of diverse non-parenchymal cells as we search for therapeutics for ALD. In conclusion, dedicated and orchestrated studies for the understanding of the roles of non-parenchymal cells will help us to conquer ALD.
